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States Government o r  any agency thereof .  
ABSTRACT 
This  repor t  i s  a summary o f  assessments by Chem Systems Inc. and a f u r -  
t h e r  eva luat ion o f  t h e  impacts o f  research advances on energy e f f i c i e n c y  and 
t h e  p o t e n t i a l  f o r  f u t u r e  i n d u s t r i a l  product ion of acetone-butanol -ethanol 
(ABE) so l  vents and o ther  products by b iocata lyzed processes. B r i e f  d iscus- 
s ions o f  each o f  t h e  assessments made by CSI, fo l l owed by est imates o f  minimum 
pro jec ted  energy consumption and costs  f o r  product ion o f  so lvents  by ABE b io -  
cata lyzed processes a re  included. These assessments and f u r t h e r  advances d i s -  
cussed i n  t h i s  r epo r t  show t h a t  subs tan t ia l  decreases i n  energy consumption 
and costs  a re  poss ib le  on t h e  bas is  of s p e c i f i c  research advances; therefore,  
i t  appears t h a t  a b iocata lyzed process f o r  ABE can be developed t h a t  w i  11 be 
compet i t ive  w i t h  convent ional  petrochemical processes f o r  product ion o f  n- 
butanol  and acetone. ( I n  t h i s  work, t he  ABE process was se lected and u t i l i z e d  
on ly  as an example f o r  methodology development; o ther  poss ib le  bioprocesses 
f o r  product ion o f  commodity chemicals a re  no t  intended t o  be excluded.) It 
has been est imated t h a t  process energy consumption can be decreased by >50%, 
w i t h  a corresponding cost reduct ion o f  15-30% ( i n  comparison w i t h  a conven- 
t i o n a l  petrochemical process) by inc reas ing  microorgani sm to le rance  t o  n- 
butanol  and e f f i c i e n t  recovery o f  product so lvents  f rom t h e  vapor phase. 
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EXECUTIVE SUMMARY 
The B ioca ta l ys i s  Pro jec t  a t  JPL i s  a component o f  t he  Energy Conversion 
and U t i  1 i z a t i o n  Technologies (ECUT) Program sponsored by t he  O f f  i c e  o f  Energy 
Systems Research, U, S. Department o f  Energy (DOE). This Pro jec t  supports ap- 
p l i e d  research and development t o  a s s i s t  i n  p rov id i ng  the  technology base re- 
qu i  red f o r  compet i t ive b i  ocat j l yzed  processes. 
One component o f  t h i s  e f f o r t  i s  an economic-energy assessment performed 
by Chem Systems Inc. (CSI) (Refs. 1 and 2). The purpose o f  t h i s  repor t  i s  t o  
sumnarize t h i s  assessment and t o  evaluate t h e  impacts o f  research advances on 
energy e f f i c i e n c y  and t h e  po ten t i a l  f o r  f u t u r e  i n d u s t r i a l  product ion o f  
acetone-butanol -ethanol ( M E )  so l  vents by b i  ocatalyzed processes. B r i e f  d i  s- 
cussions o f  each o f  t h e  assessments made by C S I  are included, fo l lowed by es- 
t imates of minimum pro jec ted  energy consumption and costs  f o r  product ion o f  
solvents by ME biocata lyzed processes, as we l l  as a p re l im inary  eb3luat ion o f  
one approach f o r  es t imat ing  p o t e n t i a l  annual product ion o f  commodity chemicals 
by b iocata lyzed processes. The purpose o f  t he  work by Chem Systems Inc. was 
t o  i n i t i a t e  development o f  a methodology f o r  making f u t u r e  research and devel- 
opment dec is ions f o r  t he  €CUT B ioca ta l ys i s  Prc jec t ,  i.e., t o  develop t h e  capa- 
b i  1 i t y  f o r  assessing t he  impacts o f  p o t e n t i a l  research advances ~n inc reas ing  
energy e f f i c i e n c y  i n  b iocata lyzed processes f o r  producing cornmod! t y  chemicals. 
Then t h e  most promising research approaches can be implemented t o  prov ide a 
technology base f o r  eventual cormercial  i z a t i  on o f  b i  ocatalyzed processes. A1 - 
though the  acetone-butanol-ethanol (ME)  process was selected and assessed, 
and t he  imp1 i ca t i ons  o f  these assessments are discussed and evaluated f u r t h e r  
i n  t h i s  report ,  t he  ABE process has been inves t iga ted  on ly  as a representat ive 
b iocata lyzed process f o r  t he  purpose of methodology development. 
These assessments have shown t h a t  subs tan t ia l  decreases i n  energy con- 
sumption and costs  a re  poss ib le  on t he  bas is  o f  s p e c i f i c  research advances; 
therefore,  i t  appears t h a t  a b iocata lyzed process f o r  ABE can be developed 
t h a t  w i  11 be compet i t ive w i t h  conventional petrochemical processes f o r  produc- 
t i o n  o f  n-butanol and acetone. The conventional process selected f o r  butanol 
product ion i s  carbonylat ion o f  propylene (rhodium c a t a l y s t )  t o  t h e  aldehyde, 
fo l lowed by hydrogenation (n i cke l  c a t a l y s t )  t o  t h e  alcohol.  For  acetone, pro- 
pylene i s  hydrated t o  isopropanol , fo l lowed by dehydrogenation t o  acetone 
(Refs. 1 and 2 ) .  
The research advances w i t h  t h e  greatest  impact were increased m i  croorgan- 
i sm to lerance t o  n-butanol and t he  improved prehydro lys i  s-dual enzyme system. 
However, none o f  t he  proposed advanced concepts a re  necessari l y  e l  i m i  nated 
w i thou t  f u r t h e r  analyses because r e l a t i v e l y  small mod i f i ca t ions  i n  t he  assumed 
advance may have l a rge  e f f ec t s  on energy and costs. The r e s u l t s  suggest t h a t  
feedstock un i fo rmi ty ,  cost, and a v a i l a b i l i t y  w i  11 be major f ac to r s  i n  deter -  
mining t he  v i ab i  1 i t y  o f  very large-scale b i  ocatalyzed processes. 
ES- 1 
Po ten t i a l  lower l i m i t s  f o r  energy and costs  f o r  a more advanced concep- 
t u a l  ABE bioprocess have been est imated i n  t h i s  repor t ,  and t he  re l a t i onsh ips  
between energy and product concent ra t ion and between costs and product concen- 
t r a t i o n  have been defined. Th is  conceptual process i s  based on a microorgan- 
i sni concent ra t ion to lerance o f  1.8 w t  % and removal o f  products from t h e  vapor 
phase a t  a concent ra t ion o f  -20 w t  %, which corresponds t o  t h e  vapor concen- 
t r a t i o n  f o r  f i r s t - s t a g e  evaporat ion o f  t he  n-butanol-water azeotrope a t  a 1 i q -  
u i d  concent ra t ion o f  1.8%. It has been est imated t h a t  energy can be decreased 
by more than 50%, w i t h  a product s e l l i n g  p r i c e  o f  ABE so lvents  o f  $0.22/lb 
+25% by separat ion o f  n-butanol f rom t h e  vapor phase a t  increased to lerance o f  
t h e  microorganism t o  n -bu tano l ;  t h e  p r i c e  o f  ABE so lvents  by t he  convent ional  
petrochemical process i s  $0.33/lb. These assessments i n d i c a t e  t h a t  w i t h  these 
research advances a1 1 n-butanol would be produced even tua l l y  by a b iocata lyzed 
process. However, a p re l im inary  eva luat ion,  based on a model f o r  es t imat ing  
annual product ion on t h e  bas is  o f  costs, suggests t h a t  t o t a l  product ion may 
no t  be increased much beyond cu r ren t  l e v e l s  t o  produce n-butanol t o  be used as 
a feedstock t o  make o ther  commodity chemicals. 
SECTION I 
INTRODUCTION 
One component o f  t h e  B i o c a t a l y s i s  P ro j ec t  i s  an economic-energy assess- 
ment performed by Chem Systems Inc. (CSI) (Refs. 1 and 2) .  The purpose o f  
t h i s  r epo r t  i s  t o  summarize t h i s  assessment and t o  eva luate t h e  impacts o f  re-  
search advances on energy e f f i c i e n c y  and t h e  p o t e n t i a l  f o r  f u t u r e  i n d u s t r i a l  
product ion o f  acetone-butanol -ethanol ( M E )  so l  vents by b iocata lyzed proces- 
ses. Although ABE processes a re  evaluated as an example i n  t h i s  work, o ther  
b i o c a t a l y t i c  processes a re  a l s o  discussed. 
Before t he  development o f  the  petrochernical i ndus t r y  beginni  ng i n  t he  
1Y20ts, most commodity chemicals were produced from coal  o r  by fermentat ion 
processes. The acetone-butanol -ethanol (ABE) process was f i r s t  developed as a 
commercial process by Chaim Weizmann i n  England t o  produce butanol  f o r  a r t i f i -  
c i a l  rubber. Later,  acetone, which was used f o r  t he  manufacture o f  exp los ive 
c o r d i t e  dur ing  World War I, was t he  des i red product. A f t e r  t h e  war, n-butanol 
again became the  product o f  i n t e r e s t ,  p r i m a r i l y  f o r  use as an in termediate  f o r  
es te rs  t o  be used as so lvents  f o r  automobile lacquers. By t he  e a r l y  19501s, 
petrochemical processes f o r  commodi t y  cherni ca l  s began t o  dominate, and i n t e r -  
e s t  i n  fermentat ion processes r a p i d l y  decl ined. 
A patent  was issued i n  1932 f o r  a process f o r  continuous ABE fermentat ion 
(Ref, 3 ) ;  even i n  1958, research on continuous fermentat ion was i n  progress 
(Refs. 4 and 5). There were a l s o  at tempts t o  so lve some o f  t he  problems asso- 
c i a t e d  w i t h  large-sca le  fermentat ion,  such as con t ro l  o f  n-butanol-acetone ra- 
t i o s  (Ref. 6), v i r u s  and phage i n f e c t i o n  (Ref. 7 ) ,  and to le rance  o f  microor-  
ganisms t o  h igher  n-butanol concent r a t i ons  (Ref. 8). Metabol i c  i n h i b i t i o n  and 
b a c t e r i a l  s t r a i n  se l ec t i on  were a l so  i nves t i ga ted  and used t o  develop appro- 
p r i a t e  process modi f icat ions.  
There has been renewed i n t e r e s t  i n  ABE fermentat ion and o ther  processes 
f o r  b i  o c a t a l y t i c a l  l y  producing commodity chemicals because of recent petroleum 
shortages. A t  t he  present t ime, t h i s  i n t e r e s t  hds tended t o  subside somewhat 
because o f  increased avai l a b i  1 i t y  o f  petroleum and because o f  under-u t i  1 i zed  
p l a n t  capac i ty  f o r  petrochemical processing. However, t h e  re1 a t i  ve cost  o f  
eneryy has permanently increased, and f u r t h e r  pe r i od i c  zost increases may 
s t i l l  be expected. Therefore, w i t h i n  t he  next few decade,, b iocata lyzed pro-  
cesses should become much more important,  especial  l y  i f  energy e f f i c i e n c y  f o r  
such processes can be s u b s t a n t i a l l y  improved. 
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This  repor t  includes b r i e f  d iscussions o f  each o f  t he  assessments made by 
, fo l lowed by estimates o f  minimum pro jec ted  energy consumption and costs 
product ion o f  so l  vents by ABE b iocata lyzed processes, and a p r e l  iminary  
l u a t i o n  by one approach f o r  es t imat ing  p o t e n t i a l  annual product ion o f  coin- 
i t y  chemicals by b iocata lyzed processes. 
SECTION I 1  
POTENTIAL RESEARCH ADVANCES 
A. CHEtl SYSTEMS ASSESSMENTS 
Several p o t e n t i a l  research advances and app l i ca t i ons  t o  ABE processing 
have been analyzed (Ref. 2). A summary o f  t h e  r e s u l t s  obtained a re  shown i n  
Table 2-1 f o r  separate process opt ions.  I n  these assessments, process econom- 
i c s  were based on a hypo the t i ca l  Gul f  Coast p l a n t  designed t o  produce 50 m i l -  
l i o n  ga l lons o f  so lvents  per  year  i n  mid-1982. Ca lcu la t ions  were made us ing 
u t i l i t i e s  costs est imated by CSI and by DOE. The l a t t e r  were about 15 % 
lower. Those shown i n  Table 2-1 were based on C S I  u t i l i t i e s  cos t  est imates t o  
r e f l e c t  a s l i g h t l y  more conservat ive approach because long-term f u t u r e  i n -  
creases are expected. The t o t a l  investment costs a re  about t w i c e  t h e  i nves t -  
ment f o r  a convent ional  p l a n t  and would tend t o  f u r t h e r  decrease i ncen t i ves  t o  
const ruct  new bioprocess p lan ts ,  espec ia l l y  when e x i s t i n g  convent ional  p l a n t  
capac i ty  u t i l i z a t i o n  i s  much l ess  than 100%. 
Assumptions f o r  t he  base-case included: sol  vent y i e l d  o f  27.54% based 
on t o t a l  sugar produced by enzymatic hyd ro l ys i s  o f  aspen wood, so l  vent concen- 
t r a t i o n  o f  1.44 w t  X (0.89 w t  % n-butanol) ,  and an i n i t i a l  sugar concent ra t ion 
o f  5 w t  %. Net proc ss energy consumption was 5.37 x l o 9  MBtu f o r  an annual I product ion o f  50 x 10 ga l lons o f  solvents,  o r  107.4 MBtu/gal (=16.0 MBtu/lb). 
I n  these analyses, the re  was no ne t  energy requ i red  f o r  hyd ro l ys i s  o r  f o r  fe r -  
mentation because 1 i gnin and unconverted c e l  l u l o s e  were burned as f u e l  ; there-  
fo re ,  t o t a l  net  energy consumption (16.0 MBtu/lb) was used f o r  product p u r i f i -  
cat ion.  The greatest  disadvantage o f  t h e  base-case bioprocess i s  t h i s  l a rge  
amount o f  energy needed f o r  product separat ion from water, where most o f  i t  i s  
consumed on ly  t o  increase t h e  water temperature t o  t h e  d i s t i l l a t i o n  tempera- 
tu re .  
A t  n-butanol concent ra t ion o f  1.1 w t  % (so lvent  concent ra t ion -1.9 w t  %) 
t h e  a lcohol  normal ly tends t o  completely i n h i b i t  t h e  b iocata lyzed process. 
For  t h e  best case analyzed (improved n-butanol concent ra t ion to le rance  t o  a l -  
low 2.1 w t  % t o t a l  so lvents  i n  t h e  fermenter) ,  energy consumption was de- 
creased t o  13.45 MBtu/lb. 
Continuous fermentat ion showed n e i t h e r  a cost  o r  energy advantage. The 
i: process analyzed was near ly  t he  same as t h e  batch base-case, except t h a t  t h e  
1 fermenters were operated cont inuous ly  . A1 though decreased fermentat ion t ime 
I favored decreased c a p i t a l  and energy costs,  t h e  y i e l d  was decreased, which 
I o f f s e t  any advantages. However, t h i s  ana lys is  does not  r u l e  out  p o t e n t i a l  ad- 
! vantages o f  continuous ABE processing on t h e  bas is  o f  a l t e r n a t i v e  process as- 
, 
1 sumpti ons o r  advanced process desi gn. 
Table 2-1. Sumary o f  I nd i v i dua l  Research Advances on ABE Economics and 
Energy Requirements (Ref. 2 )  
Base- Continuous L igno l  Baelene Dual Improved Conven- 
Case Ferrnenta- Enzyme n-Butanol t i o n a l  
t i o n  Tolerance ( f rom 
(2.1 w t  % Propylene) 
so l  vents)  
To ta l  190.1 187.3 
Investment , 
$MM 
Cost o f  
Production, 
cents/yal  : 
Raw Mate r ia l  86.59 90.13 
U t i l i t i e s  43.37 43.79 
Operating Costs 15.16 13.70 
Overhead 17.37 15.91 
Expenditures 
Cred i t  
(By-products) (23.20) (22.85) 
Cash COPa 139.28 140.67 
Depreciat ion 56.58 55.16 
Net COPa 195.85 195.82 
S e l l i n g  P r i ce  259.8 259.5 
a t  10% D C F ~  
Percent 
Decrease 0 0 
i n  P r i ce  
Percent 
Decrease 0 0 
( Increase) 
i n  Energy 
aCOP = Cost of production. 
~ O C F  = Discounted cash f low. 
CReference 1. 
The L i  gnol process (Hydrocarbon Research, Inc. ) invo lves hydrocracking 
and hydrodealky la t ion o f  l i g n i n  t o  phenol, benzene,and f u e l  o i l  ins tead o f  us- 
i n g  1 i g n i n  as a f u e l  (as was assumed i n  t h e  base-case). The decrease i n  
energy consumption of 12% r e s u l t s  from energy c r e d i t s  f o r  t he  products (phe- 
nol ,  etc.). I n  these assessments, energy (as heat o f  combustion) o f  h igher  
value products such as phenol o r  propylene ( i n  t h e  petroleum-based process) 
a re  inc luded as energy deb i t s  o r  c red i t s ,  but  heat energy o f  low-value, renew- 
ab le  resources (e.g., aspen feedstock) i s  not  inc luded as a deb i t .  Because o f  
s i g n i f i c a n t l y  increased c a p i t a l  costs  and t h e  small e f f e c t  on p r i ce ,  i t  dp- 
pear; t h a t  t h i s  advance would probably nqt  be implemented unless the re  was an 
urgent need f o r  t h e  by-products. 
Baelene so l  ve.it e x t r a c t i o n  (Haeol , Inc.) i nvo lves  product p u r i f i c a t i o n  by 
so lvent  ex t rac t ion .  Although Baeol, Inc., has i nd i ca ted  they have a new so l -  
vent t h a t  ex t r ac t s  e s s e n t i a l l y  a1 1 of t h e  n-butanol , acetone, and ethanol, t he  
i d e n t i t y  o f  t he  so lvent  i s  no t  ava i lab le ;  therefore,  t h i s  ana lys is  was based 
on u t i l i z a t i o n  o f  a so lvent  mentioned i n  a patent  (Ref. 9), F-21 o r  mono- 
f luorodichloromethane. Because t h e  so l  vent i s  r e l a t i v e l y  expensive and 
s l i g h t l y  so lub le  i n  water (0.95 w t  % a t  2 5 O C  and one atmosphere), i t  must be 
recovered. The recovery system assumed i n  t h i s  ana lys is  i r l vo l  ves heat ing t he  
d i l u t e  s o l u t i o n  t o  d i s t i l  and separate t h e  solvent.  because t h i s  requi res 
about 10 MBtu/lb o f  solvents produced, t o t a l  energy corisumption i s  near ly  as 
much as f o r  the  base-case. Th is  ana lys is  i s  v a l i d  on t h e  bas is  o f  t h i s  as- 
sumption; however, energy consumption could  be s i g n i f i c a n t l y  decreased (e.g., 
by vapor compression recovery or, poss ib ly ,  use of a d i f f e r e n t  so lvent ) .  
Therefore, so l  vent e x t r a c t i o n  as a p o t e n t i a l l y  energy-ef f i  c i e n t  separat ion 
process f o r  ABE products i s  no t  necessar i ly  excluded. 
I n  t he  dual enzyme opt ion,  a second eptyme (p-glucosidase) i s  inc luded i n  
s n u l l  amounts t o  ca ta lyze  t h e  conversion of ce l l ob i ose  t o  glucose and prevent 
i t s  accumulation, which normal ly depresses glucose y i e l d .  (This enzyme i s  
produced by Aspergi 11 us phoenic i  s and complements c e l l  u lase produced by 
T .reesei .) Also, p rehydro lys is  cond i t i ons  were modi f ied t o  increase enzyme 
a c c e s s i b i l i t y .  The e f f e c t  i s  t o  increase glucose y i e l d  from 90 t o  100%; how- 
ever, no decrease i n  steam consumption i s  r ea l i zed  because t h e  unconverted 
glucose was p rev ious ly  burned w i t h  l i g n i n .  (At  100% conversion, no glilcose i s  
ava i l ab l e  as p a r t  o f  t he  s o l i d  waste t o  be burned as f u e l  .) Howtver, 1 le 
s e l l  i n g  p r i c e  i s  decreased about $O.lO/gal because o f  a smal 1 decrease i n  raw 
mate r ia l s  costs and a l a r g e r  decrease i n  c a p i t a l - r e l a t e d  expenses (because of 
t h e  decreased volume o f  mate r ia l  being processed). Although t h i s  op t ion  rep- 
resents a r e l a t i v e l y  modest improvement i n  comparison w i t h  t he  base-case, 
i t  could  be implemented w i t h  a minimum o f  process mod i f i ca t ions  and would have 
a p o s i t i v e  impact i n  t he  important area of feedstock u t i l i z a t i o n .  On t h i s  ba- 
s i s ,  t h i s  op t ion  i s  a s i g n i f i c a n t  technolog ica l  advancement. 
The mechanism o f  product i n h i  b i t  i o n  i n  t he  microorganism (C los t r id ium 
acetobut l icum) i s  ; lot we1 1 understood, but  appears t o  be assoc ia tea  w i t h  t he  +hydrop o b i c i t y  o f  n-butanol. It i s  be l ieved t h a t  h igher  concentrat ions of a l -  
cohol increase f l u i d i t y  o f  the  l i p i d  regions o f  c e l l  membranes and cause a l -  
t e r a t i o n s  o f  membrane-bound enzyme a c t i  v i  t y  , which decrease t he  t ranspor t  o f  
carbohydrates. There i s  a r e s u l t i n g  decrease i n  c e l l  growth ra te ,  c e l l  death, 
and corresponding decreases i n  fermentation ac t  i v i  t y  (Ref. 10). This mechan- 
i sm i s  based on experiments t h a t  have shown membrane-bound ATPe - e  was i nhi  b i  - 
t e d  by 50% i n  t he  presence o f  e i t h e r  21 w t  % e t h y l  a lcohol ,  3 w t  % n-butanol, 
1 w t  X pentanol , 0.1 w t  % heptanol o r  O.U4 w t  % octanol  (Ref. 11). I t  was 
a l s o  found t h a t  carbohydrate t r anspo r t  was decreased a t  n-butanol concentra- 
t i o n s  t h a t  are t o x i c  t o  producing C los t r i d i um  (Ref. l o ) ,  and t h a t  n-butanol 
caused d i r e c t  f l u i d i z a t i o n  o f  t h e  l i p i d s ,  based on e lec t ron-sp in  resonance- 
s p i n  l abe l  measurements. 
Linden, e t  a1 , (Ref. 2) found t h a t  the  presence o f  carboxyl  i c  acids,  such 
as e l a i d i c  ac id ,  r esu l t ed  i n  increased to le rance  o f  t he  microorganism t o  n-bu- 
t ano l .  However, i t  has no t  y e t  been unequivoca l ly  demonstrated t h a t  n-butanol 
concentrat ions can be increased dur ing  fermentat ion.  Therefore, the concentra- 
t i o n s  assumed i n  the  C S I  ana lys is  were considered t o  be specu la t i ve  ( i  .e., i t  
has not  y e t  been demonstrated t h a t  so lvent  concent ra t ions o f  2.1 o r  2.9 w t  % a t  
i n d u s t r i a l l y  acceptable y i e l d s  and residence t imes a re  poss ib le) .  However, 
these r e s u l t s  Land e a r l i e r  work (Refs. 13 and 14)1  show t h a t  w i thou t  adding 
f a t t y  ac id ,  h igher  concentrat ions and y i e l d s  may be obtained than were assumed 
i n  t h e  base-case; f o r  example, 1.1 w t  $ n-butanol (1.9 wt  % so lvents) ,  99.3% 
sugar conversion, and 32.5% y i e l d  on t o t a l  sugar i n  39 hours was obtained i n  a 
c o n t r o l  fermentat ion (Ref 2) .  Therefore, a l though i t  may not  be poss ib le  t o  
ob ta in  a so lvent  concent ra t ion o f  2.9 w t  %, 2.1 w t  X concent ra t ion appears t o  
be feas ib le .  
The r e s u l t s  shown i n  Table 2-1 a re  f o r  2.1 w t  X t o t a l  solvents,  100% 
sugar conversion, 42 hours fermentation, and a t o t a l  y i e l d  o f  31.4%. When DOE 
u t i l i t i e s  costs were assumed, t h e  s e l l i n g  p r i c e  (10% DCF) was decreased t o  
$2.03/ga1. 
A s i m i l a r  analysis,  where t h e  concent ra t ion was assumed t o  be 1.7 w t  " 
n-butanol (2.9 w t  % so lvents) ,  r esu l t ed  i n  an est imated p r i c e  of $1.Y5/gt- 
(CSI u t i l i t i e s  cos ts )  and a decrease i n  energy consumption r e l a t i v e  t o  t '  
base-case o f  - 33% t o  10.67 I% tu / l b  o f  products. 
Assessments were a l s o  made f o r  two c u m l a t i v e  cases. I n  t h e  f i r s t ,  con- 
t inuous fermentation, L i  gnol , and dual enzyme hyd ro l ys i s  were s imultaneously 
incorporated i n t o  t h e  process. The s e l l i n g  p r i c e  was decreased by 5.8% and 
energy consumption by 35% r e l a t i v e  t o  t h e  base-case. I n  t h e  second, these op- 
t i o n s  were inc luded w i t h  add i t i on  o f  t he  n-butanol t o x i c i t y  l i m i t  o f  2.9 w t  % 
so l  vents t o  g ive 3 p r i c e  decrease o f  29% ( t o  $1.84/gal) and a 6&% decrease i n  
energy (compared t o  t he  base-case). Th is  a l so  represents a 1 6 . n  p r i c -  advan- 
t aye  over t he  conventional syn the t i c  method. 
I n  t h e  CSI analyses, propylene (convent ional  r ou te )  and L igno l  products 
were inc luded i n  c a l c u l a t i n g  energy consumption, whereas energy i n  aspen feed- 
stock was not. Uecause o f  t h i s ,  f o r  example, energy consumpticn as u t i l i t i e s  
was decreased by about 31% compared t o  t h e  t o t a l  o f  60% f o r  t h e  best case 
where L i yno l  products were inc luded as an energy c r e d i t .  Actual  process en- 
ergy i s  not  decreased when t h e  L iqno l  process i s  included; i t  i s  increased by 
about . The h igh increase i n  energy consumption f o r  t h e  convent ional  
pe t  roleuin-based process compared w i t h  t he  base-case i s  p a r t l y  because o f  t he  
debi ted feedstock energy. An a l t e r n a t i v e  suggested here i s  t o  compare on ly  
t o t a l  process energies, inc lud ing  the  process energy requi red t o  produce the  
feedstocks, e.g., synthesis gas and propylene. On t h i s  basis, the petrochemi- 
ca l  process would requi re about 12 MBtujl b (75% o f  the base-case) t o  make bu- 
tan01 : acetone a t  a product w t  r a t i o  o f  2:l. C S I  has a lso performed assess- 
ments o f  eucalyptus and corn stover as a l t e rna t i ve  feedstocks f o r  ME produc- 
t ion .  For eucalyptus, energy was s l i g h t l y  higher and the p r i ce  was $2.82/ga1 
because o f  the lower sugar a v a i l a b i l i t y  o f  eucalyptus i n  comparison w i t h  as- 
pen. Corn stover appears more promising, w i th  an estimated p r i c e  o f  $2.35/gal 
because o f  i t s  iower moisture content (- 30% fo r  f i e l d  d r ied  versus " 50% for  
green wood) and i t s  higher sugar content. However, because i t  contains free 
sucrose sugar, storage would be expected t o  be a problem tha t  may increase 
costs* 
6.  DISCUSSI3N OF ASSESSMENT LIMITATIONS 
I n  ana'yses o f  t h i s  type, the absolute values of cos,ts and energy are 
subject t o  r e l a t i v e l y  large er rors  or  anomalies. It i s  believed tha t  energy 
values given are w i t h i n  20% of actual values; however, actual rea l i zed costs 
may be subject t o  greater differences, especia l ly  i f  such factors as neg l i g i -  
b l e  p lan t  depreciat ion f o r  an e x i s t i n g  p lan t  compared t o  high depreciat ion fo r  
a new p lan t  are considered. But the r e l a t i v e  costs and energy requirements 
are l i k a l y  t o  be r e l i a b l e  t o  about *20% of  the  di f ferences between the base- 
case and the cases where advances are included. 
These analyses are s t i l l  very useful  f o r  comparisons o f  po ten t ia l  re- 
search advancements and t h e i r  impacts, but are only relevant t o  comparisons 
w i th  the pet:oleum-based process under speci a1 c i  rcumstances. These include 
( I )  long-term 0 1 0  year) pro ject ions (where a1 1 pro ject ions become r e l a t i v e l y  
obscure and the  a v a i l a b i l i t y  of petroleum i s  not known) or  (2) when cost or  
process energy advantages are la rge  and are comparable t o  those f o r  energy- 
e f f i c i e n t  ethanol biocatalyzed processes, which are cur ren t ly  competit ive w i t h  
the  conventional process. 
Two cases are very s ign i f ;cant  as overa l l  conceptual process designs: 
(1)  2.9 w t  X solvent concentration tolerance a ~ d  (2)  the  combined options best 
case, inc lud ing  continuous fermentation, Lignol, dual enzyme, and 2.9 w t  % 
solvents i n  one b i  gprocess. Because biocatalyzed processes are r e l a t i v e l y  i n -  
dependent o f  petroleum resources, there i s  an inherent s i  gni f i c a n t  long-term 
energy advantage; however, a t  the  present t ime the  absence o f  information on 
fu tu re  a v a i l a b i l i t y  o f  uniform feedstocks i s  a disadvantage. 
With regard t o  costs, f o r  2.9 w t  % solvents concentration the estimated 
p r i c e  i s  $1.95/ga1 and f o r  the  best case i t  i s  $1.84/gal. Nearly a l l  of t h i s  
d i f ference G. $0.11 i s  because o f  the incorporat ion o f  the  dual enzyme system. 
Because these are about 12 and 17% lower, respect ively,  than the cost by the 
conventional process, they should be competit ive; however, as ind icated above, 
absolute er rors  may be r e l a t i v e l y  large. A reasonable perspective i s  t h a t  
progress i n  the energy-economic analysis i s  comparable t o  progress i n  concep- 
t u a l  process development, and energy e f f i c i ency  can be s i g n i f i c a n t  l y  irrgroved 
provided appropriate technoloqical advances can be real1 26-d. 
C. ANALYSIS OF AN ALTERNATIVE PROCESS: CITRIC ACID 
To demonstrate t he  gene ra l i t y  o f  t h e  methodology developed f o r  analyz ing 
t h e  ABE system, an a l t e r n a t i v e  b iocata lyzed process f o r  product ion o f  c i t r i c  I 
a c i d  and f u r f u r a l  (by-product) from aspen was analyzed and compared t o  t h e  
conventional fermentat ion process f o r  c i t r i c  ac i d  (Ref. 2). The ana lys is  
showed t h a t  t he  p r i c e  f o r  c i t r i c  a c i d  would be $0.74/lb compared w i t h  0.675/1b 
f o r  c i t r i c  ac i d  by t h e  cmven t i ona l  process. The convent ional  method i s  a l s o  l 
a fermentation process i n  t h i s  case, w i t h  molasses as t h e  feedstock. The i 
p r i c e  f o r  f u r f u r a l  by-product i n  t h i s  comparison was assumed t o  be $Om20/lb. 
Th2 cur ren t  l i s t  p r i ces  o f  c i t r i c  ac i d  and f u r f u r a l  a re  about $1.00 and 
$0.66/1b. I f  i t  i s  assumed t h a t  t he  product ion p r i c e  f o r  f u r f u r a l  should be 
about 66% o f  t he  p r i c e  f o r  c i t r i c  acid,  t he  f u r f u r a l  by-prod~lc t  p r i c e  would be 
h igher  than $O.ZO/lb. A t  a product ion p r i c e  f o r  c i t r i c  a c i d  o f  $0.67/lb, t h e  
s e l l i n g  p r i c e  f o r  f u r f u r a l  would then be $0,44/lb. Because t he  CSI ana lys is  
a l s o  shows t h a t  t h e  product ion p r i c e s  f o r  c i t r i c  a c i d  by e i t h e r  t h e  wood o r  
molasses-based processes are equal a t  a f u r f u r a l  p r i c e  o f  $Om475/lb, i t  can be 
concluded t h a t  product ion costs  by e i t h e r  process a re  near l y  equal. However, 
these p r i c e  l e v e l s  a re  t o o  h igh t o  suggest t h a t  l a rge  f u tu re  markets f o r  
e i t h e r  product are l i k e l y .  But  i f  t h i s  (and o the r )  l i gnoce l  lulose-based b i o -  
cata lyzed processes can be improved through new research advances t o  t h e  ex- 
t e n t  t h a t  they are compet i t ive  a t  a by-product f u r f u r a l  product ion p r i c e  near 
$0.20/lb, new markets may be expected f o r  f u r f u r a l .  F u r f u r a l  can be used as 
an in termediate  t o  produce other  chemicals such as tetrahydrofuran, ad ip i c  
acid,  hexamethylenediasi ne and 1,4-butanedi 01. 
SECTION I 1 1  
FUTURE IMPACTS OF B IOCATALYSIS RESEARCH 
A. POTENTIAL INCREASES I N  EFFICIENCY FOR ABE PROCESSES 
Although t h e  C S I  assessments i n d i c a t e  t h a t  product ion o f  so lvents  by b io -  
cata lyzed ABE processes could  r e s u l t  i n  decreases i n  energy requirements and 
costs o f  about 30% (not  i n c l u d i n g  t h e  energy c r e d i t  f o r  L igno l  products),  i t  
can be shown t h a t  t he  lower l i m i t s  f o r  energy and costs have not y e t  been es- 
t imated. For  example, i f  corn s tover  was used as t he  feedstock, t he re  would 
be f u r t h e r  decreases i n  energy and costs. To a f i r s t  approximation, addi-  
t i o n a l  cost  decreases o f  30% based on p o t e n t i a l  research advances discussed 
above could r e s u l t  i n  a p r i c e  o f  $1.60 t o  $1.65/gal because t h e  product ion 
p r i c e  using corn s tover  i s  $2.35/ga1 o r  $2.30/gal (CSI o r  DOE u t i l i t i e s  costs, 
respec t i ve ly ) .  (Th is  est imate r e f l e c t s  a 30% reduct ion from $2.30 t o  
$2.36/ga1 ra the r  than from $2.60 and, therefore,  may be conservat ive.)  Fur-  
thermore, o ther  opt ions t h a t  may r e s u l t  i n  h igher  energy e f f i c i e n c y  have not  
y e t  been assessed. 
The most promising o f  these opt ions appears t o  be energy -e f f i c ien t  sepa- 
r a t i o n  o f  so lvents  dur ing  fermentat ion as a bas is  f o r  a continuous process 
where t he  b iocata lyzed reac t ion  would no t  be i n h i b i t e d  by n-butanol. The re- 
a c t i o n  r a t e  would be increased, lead ing t o  lower c a p i t a l  costs and g rea t l y  de- 
creased energy consumption. 
To determine t he  p o t e n t i a l  lower 1 i m i  t o f  energy requi  red, r e l a t i onsh ips  
between process energy needed znd product concent ra t ion have been establ ished, 
as shown i n  F igure  3-1. Curve tl was der ived from process energy requi red 
(Ref. 1) f o r  t h e  o r i g i n a l  base-cdses [po in ts  (@) a t  1 and 1.5 w t  % solvents]. 
Because these analyses assumed 1 i tt l e  heat recovery, B represents t he  r e l a t i  on 
between product concent ra t ion and energy requi  red f o r  r e l a t i v e l y  i n e f f i c i e n t  
d i s t i l l a t i o n  processes. Curve A was ca lcu la ted  i n  t he  same way, based on en- 
ergy requi red f o r  p u r i f i c a t i o n  o f  ethanol (po in ts  @) where h igh  heat recovery 
W ~ S  assumed (Ref. 15), and t he re fo re  represents enercy-ef f  i c i e n t  p u r i f i c a -  
t i on .  
Curves A and B a re  not  simple ex t rapo la t ions  o f  t h e  base data. The d i f -  
ference i n  energy f o r  t he  two concent ra t ions (e.g., a) was obtained by sub- 
t r a c t i o n  and confirmed by de ta i  l e d  energy balance ca l cu l a t i ons  t o  correspond 
t o  t he  d i f f e rence  i n  steam requ i red  f o r  hea t ing  t he  aqueous product so lu t ions  
t o  the  d i s t i  1 l a t i o n  temperatures a t  t h e  two concentrat ions.  These values were 
then ad justed t o  r e f l e c t  t he  amounts o f  water t o  be heated a t  each concentra- 
t i o n  t o  ca l cu l a te  a se r ies  o f  po i n t s  t h a t  de f ine  t he  curves. The curves l e v e l  
o f f  a t  higher  concentrat ions because o f  t h e  r ap id  decrease i n  t h e  water- 
product r a t i o ,  e.g., 99 a t  1 w t  % and 19 a t  5 w t  %, etc.  
I t  can be seen t h a t  t he  r e s u l t s  a re  i n  good agreement w i t h  o ther  data i n  
t h e  l i t e r a t u r e  f o r  e f f i c i e n t  (Refs. 16 and 17) processes and one i n e f f i c i e n t  
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(Ref. 18) process. I t i s  even more s i g n i f i c a n t  t h a t  t he  po in t s  (0) (Ref. 2 )  
t h a t  were ca lcu la ted  a f t e r  t he  r e l a t i o n s h i p  was def ined a re  w i t h i n  l ess  than 
35 o f  t he  p red ic ted  values. Therefore, f o r  est imates o f  energy coisumption a t  
h igher  concentrat ions,  e r ro r s  should be w e l l  w i t h i n  t h e  ranges normal ly accep- 
t e d  f o r  most energy analyses and should be w i t h i n  1 Mt3tu/lb o f  product. How- 
ever, these re la t ionsh ips  depend on t h e  i n i t i a l  assumptions and may be s h i f t e d  
t o  lower energy values f o r  more e f f i c i e n t  processes where t he  t o t a l  separat ion 
energy can be less  than energy requ i red  f o r  hea t ing  t h e  product stream and 
v o l a t i  1 i z i n g  components ca l cu l a ted  from heat contents (e.g., f o r  processes 
such as membrane separation, vapor compression, o r  m u l t i p l e - e f f e c t  d i s t i  l l a -  
t i  on w i t h  heat recovery). 
G.U. Hehta (Ref. 1 7 )  has shown t h a t  p u r i f i c a t i o n  o f  ethanol  by a combined 
d is t i l la t ion-membrane process could  prov ide a lower cos t  and about t h e  same 
energy as e f f i c i e n t  d i s t i l l a t i o n  alone. The energy problem w i t h  a v a i l a b i e  
membrane systems i s  t h a t  a1 though they a re  h i g h l y  e f f i c i e n t  f o r  separat ing 
water from so lu te  t o  ob ta in  pure water, as i n  desa l ina t ion ,  h i gh  energy e f f i -  
c iency f o r  most p u r i f i c a t i o n  processes requi  res  s e l e c t i  ve t r anspo r t  o f  t h e  
s o l u t e  through t he  membrane. F c r  example, i f  a s o l u t i o n  o f  2 w t  Z i s  p u r i -  
f ied,  t ranspor t  o f  80 l b  o f  water through t he  membrane i s  requ i red  t o  ob ta in  a 
10 w t  X s o l u t i o n  on t h e  h i gh  pressure s ide  (18 l b  water, 2 l b  product ) .  But a 
so l u te - se lec t i ve  membrane would r equ i r e  passage o f  on ly  2 l b  o f  so l u te  and 18 
1b water. The s i t u a t i o n  i s  somewhat analogous t o  p u r i f i c a t i o n  by s i ng le -  
e f f e c t  d i s t i l l a t i a n  o f  water t o  remove i t  from a non -vo la t i l e  product as com- 
pared t o  product d i  s t i  1 l a t i o n  ( o f  v o l a t i  l e  substances) from water, where va- 
p o r i z a t i o n  energy i s  much less. Therefore, a v i a b l e  membrane system should be 
designed f o r  se l ec t i ve  permeation o f  t h e  products. Pervaporat ion membranes 
a re  being invest igated,  bu t  because o f  t h e  need t o  v o l a t i l i z e  products across 
a pressure gradient,  t h i s  type o f  system can be viewed as a form o f  d i s t i l l a -  
t i  on where product se lec t  i v i  t y  may be i ncreased by t h e  membrane. 
However, i t  may not be necessary t o  increase s e l e c t i v i t y  because a con- 
densate can be obtained t h a t  i s  enr iched from about 1 w t  % n-butanol t o  >7  w t  
% by f l a s h  d i s t i l l a t i o n  (Ref. 19) near t h e  fermentat ion temperature, i.e., by 
vacuum fermentat ion.  Furthermore, i f  n-butanoi concent ra t ion to le rance  can be 
increased t o  -1.e w t  % o r  3 w t  % o f  t o t a l  solvents,  t h e  enrichment would be 
even greater,  t o  -20 w t  %. Although measurements and f u r t h e r  ca l cu l a t i ons  a re  
be ing made t o  ob ta in  more d e f i n i t i v e  resu l t s ,  i nspec t ion  of F i gu re  3-1 shows 
t h a t  under these cond i t i ons  t h e  energy requi red would be no more than about 
4.8 ME3tu/lb o f  product. I f  2.0 MBtuI lb i s  al lowed f o r  vapor compression 
[which i s  be l ieved  t o  be s u b s t a n t i a l l y  more than would be needed), t h e  t o t a l  
i s  6.8 143tuIlb o f  product. With t h i s  research advance, t o t a l  energy consump- 
t i o n  could be reduced by about 57%. 
Vacuum fermentation i s  on ly  one a l t e r n a t i v e  because t h e  vapor i s  enr iched 
r e l a t i v e  t o  t h e  l i q u i d  phase a t  a l l  pressures up t o  and i n c l u d i n g  atmospheric 
pressure. I n  fact ,  enrichment i s  s l i g h t l y  g rea te r  a t  h igher  pressures (Ref. 
20). Therefore, other po ten t i  a1 l y  energy-ef f  i c i e n t  methods o f  vapor removal 
and cond~nsa t i on  a re  l i k e l y  t o  i nc l ude  absorpt ion i n  a l i q u i d  o r  adsorpt ion on 
a s o l i d  and, poss ib ly ,  vapor compression a t  a somewhat h igher  pressure. Ano- 
t h e r  poss ib le  approach i s  conversion o f  butanol  vapor t o  another product, such 
as t h e  corresponding acid,  aldehyde, o r  a1 kenes. But  p re l im ina ry  eva luat ions 
i n d i c a t e  t h a t  t h e  a c i d  cou ld  be produced more e f f i c i e n t l y  by an a l t e r n a t i v e  
b iocata lyzed process. Because t he  aldehyde and butylenes a l s o  would be con- 
ver ted t o  o ther  products, i t  appears t h a t  t o t a l  process energy would be r e l a -  
t i v e l y  high. 
Pre l iminary  experiments a t  JPL have shown t h a t  vapor condensation from a 
l i , ; u i d  a t  33OC ( 1  w t  %) o f  n-butanol r e s u l t s  i n  two phases, a butanol  and a 
waq,er-r ich phase, con f i  rming t h a t  sdbs tan t i a l  enrichment i s  obtained. Fur -  
thermore, an adsorpt ion experiment (on carbon) showed t h a t  even greater  en- 
r fchment was obtained, and water adsorpt ion would be expected t o  be much less  
if t h e  i n i t i a l  so lvents  concent ra t ion was increased t o  r e f l e c t  a p o t e n t i a l  
c m c e n t r a t i o n  to le rance  o f  3 w t  % solvents.  The adsorbent se lected f o r  pre-  
l iiminary eva lua t ion  was ac t i va ted  carbon, R C  1200-1, 4-12 mesh, suppl ied by 
VWli S c i e n t i f i c ,  San Francisco, Ca l i f o rn i a .  To s imulate  a b io reac to r ,  a syn- 
t h s t i c  mix ture (125 m l )  con ta in ing  0.78 w t  % n-butanol and 0.22 wt % acetone 
wa; placed i n  a 100 by 180 mm c y l i n d r i c a l  pyrex dish.  A smal ler  p e t r i  d i sh  
( 2  1 by 140 mm) con ta in ing  20 g o f  RC 1200-1 carbon was placed on aluminum sup- 
p c - t s  about 3 cm above t h e  bottom and i n s i d e  t h e  s o l u t i o n  container.  There- 
fore ,  t h e  s imu la t ion  cons is ted o f  a s t i r r e d ,  d i l u t e  aqueous product s o l u t i o n  
w i t h  a f i xed  carbon bed supported above and w i t h i n  t h e  "reactor,"  so t he  car -  
bon was access ib le  on ly  t o  t h e  vapor phase. The aqueous mix ture was magneti- 
c a l l y  s t i r r e d  f o r  16 hours a t  room temperature a f t e r  sea l i ng  t h e  t op  w i t h  a?u- 
mir~um f o i l .  It was l e f t  w i thou t  s t i r r i n g  f o r  an add i t i ona l  24 hours, when a 
sample o f  t he  s o l u t i o n  was withdrawn f o r  analys is ,  a long w i t h  a con t ro l  con- 
t a i n i n g  t h e  i n i t a l  concent ra t ion o f  n-butanol and acetone. Typ ica l  gas chro- 
matograms a re  shown i n  F i gu re  3-2, and t h e  q u a n t i t a t i v e  r e s u l t s  a re  tabu la ted  
i n  Table 3-1. Because t h e  r e t e n t i o n  t imes f o r  acetone and n-butanol agreed 
w i t h  numerous o ther  chromatographic determinat ions made before and a f t e r  these 
experiments were completed, peaks corresponding t o  t h e  two components have 
been p o s i t  i vely  i dent i f i ed. 
The n -bu tmo l  concent ra t ion had been decreased f rom 0.78 t o  0.105 w t  % 
and t h e  a c e t  ,e from 0.22 t o  0.062 w t  %. Under these cond i t i ons  86% (0.83 g)  
o f  :hr? alcohol  and 72% (0.19 g )  o f  t h e  acetone were adsorbed i n  40 hours. A t  
t he  same time, about 5.5 m l  o f  water was adsorbed (measured from t h e  t o t a l  i n -  
crease i n  weight o f  t h e  carbon minus t he  weight o f  acetone-butanol ), 
Although most of t h e  heat evolved du r i ng  adsorpt ion probably cou ld  be re-  
covered, poss ib le  energy-eff i c i e n t  methods f o r  separat ion o f  t h e  product from 
carbon have no t  y e t  Seen invest igated.  One p o s s i b i l i t y  i s  so lvent  ex t r ac t i on ,  
e.g., w i t h  vol  .:t i 1e hydrocarbons, because so l  vent e x t r a c t i o n  i s  used e f f e c -  
t i v e l y  f o r  a n a l y t i c a l  methods app l ied  t o  atmospheric p o l l u t a n t s  adsorbed on 
carbon. Y( dever, a d d i t i o n a l  work i s  requ i red  t o  determine t h e  most energy- 
e f f i c i e n t  system f o r  so l  vent adsorpt ion and recovery, i n c l u d i n g  determi na t i on  
o f  thc  amount and type o f  adsorbent required, k i n e t i c s  o f  adsorpt ion and de- 
sorp-  :on, app l i cab le  e x t r a c t i o n  so l  vents, and f u r t h e r  downstream p u r i f i c a t i o n  
r e ; ~ i  rements. It i s  a1 ready known t h a t  ac t i va ted  carbon w i  11 s e l e c t i v e l y  re -  
m e  organic products from vapor streams con ta in ing  water and carbon d i ox i de  
(Hef. 21), which suggests t h a t  a carbon column system should be more e f f e c t i v e  
than t h e  carbor, bed used i n  t h e  p re l im ina ry  experiment. Previous i n d u s t r i a l  
experience has shown t h a t  no more than one pound o f  carbon i s  needed t o  p u r i f y  
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Figure 3-2. Gas Chromatography o f  Acetone-Butanol Solut ions : 
(A) Before Solvent Removal; ( 8 )  A f t e r  Solvent 
Adsorption on Act ivated Carbon 
Table 3-1. Gas Chromatography o f  Acetone-Butanol So lu t ions Be fo re  and A f t e r  
Sol vent Adsorpt ion on Ac t i va ted  Carbona 
- -- -- - - - -- - - -  - 
Before Adsorpt ion o f  Sol ventsb A f t e r  Adsorpt ion on Carbon 
Sol vent Peak Area, 
A r b i t r a r y  
U n i t s  
Peak Area, Solvent i n  Solvent 
A r b i t r a r y  Water, %C Adsorbed 
U n i t s  on Carbon, 
%C 
Acetone 3,454 
3,492 
Butanol  12,975 
14,277 
T o t a l  16,429 
1 7,769 
aCondi t i ons: 
(1)  Column - Poropak IJ 
( 2 )  Detector - Flame I o n i z a t i o n  
( 3 )  Detector Temperature: 175OC 
(4)  Column Temperature: 165°C 
(5 )  I n j e c t o r  Temperature: 125OC 
b ~ e a k  areas correspond t o  100% o f  t h e  i n i t i a l  concent ra t ions f o r  each so l  vent 
i n  water; i n i t i a l  concent ra t ions i n  water were acetone (0.22 w t  %) ,  butanol  
(0.78 w t  %), f o r  a  t o t a l  o f  1.0 w t  %. 
CAs % o f  t h e  i n i t i a l  concent ra t ions i n  water. F i n a l  concent ra t ions were 
acetone (0.062 w t  %), butanol  (0.105 w t  %) ,  fo r  a  t o t a l  o f  0.167 w t  %. 
more than f o r t y  pounds o f  carbon d i ox i de  produced dur ing  fermentat ion.  A1 so, 
t h e  carbon should be developed, i f  needed, on t h e  basis o f  maximum capaci ty,  
e f f i c iency ,  and s e l e c t i v i t y  because carbon c h a r a c t e r i s t i c s  such as volume of 
hydrophi 1 i c  micropores (which w i  11 adsorb water )  w i  11 have a pronounced e f f e c t  
on water adsorpt ion r e l a t i v e  t o  so lvent  adsorpt ion (Ref, 22). 
It appears t h a t  adsorpt ion f o r  separat ion o f  products may be less  e f f i -  
c i e n t  than a1 t e r n a t i  ves such as vacuum fermentat ion;  therefore,  no f u r t h e r  
work on adsorpt ion processes i s c u r r e n t l y  planned. 
B e  COST RELATIONSHIPS 
Although e n e r g  conservat ion i s  a pr imary goal o f  t he  ECUT Pro jec t ,  i t  i s  
secondary t o  costs i n  t h e  cu r ren t  i n d u s t r i a l  envi ronment because corporate  de- 
c i s i ons  (e.g., f o r  p l a n t  cons t ruc t ion  and market ing s t r a teg ies )  are near l y  a l -  
ways made on t he  bas is  o f  p r o f i t a b i l i t y .  Therefore, i t  i s  essen t ia l  t o  r e l a t e  
energy e f f i c i e n c y  t o  costs. Approximate decreases i n costs have been estima- 
t e d  from previous r e s u l t s  (Ref. 2 )  and a re  shown i n  F i gu re  3-3. Beyond 3.5 w t  
% product concentration, decreases were est imated from F igure  3-1 on t h e  bas is  
of energy consumption and costs.  However, because re l a ted  changes i r: c a p i t a l  
costs  a re  unknown, they a re  not  included. Decreases are expressed a5 percen- 
tages and can be appl ied w i t h  reasonable accuracy t o  cost  o f  product ion o r  t o  
product ion p r i ces  a t  10% DCF. The maximum cos t  decrease i s  about 36%, based 
on research advances equiva lent  t o  an e f f e c t i v e  product concent ra t ion o f  - 7 
w t  X ,  which appears t e c h n i c a l l y  f e a s i b l e  on ;he bas is  o f  a t o t a l  energy con- 
sumption o f  6.8 MBtu/lb, as est imated prev ious ly ,  
Use o f  a feedstock such as corn s tover  r e s u l t s  i n  a product ion p r i c e  of 
$0.22/1b o f  solvents (compared t o  $O.Z5/l b when aspen i s  used). Th is  p r i c e  
($0.22/lb) would be we1 1 w i t h i n  t h e  costs  requi  red f o r  increased product ion by 
b i  ocatalyzed processes. Th is  value i s be1 i eved t o  be conservat i  ve ly  opt imi  s- 
t i c ,  p r i m a r i l y  because c a p i t a l  costs  would be less  f o r  lower reac to r  volumes 
associated w i t h  continuous processing a t  up t o  30% sugar concentrat ion,  and 
these decreases have not y e t  been included. 
If t h e  product ion cost  i s  assumed t o  be subject  t o  e r r o r s  o f  t25%, t he  
range would be $0.17 t o  $0.28/lb, and t h e  maximum i s  s t i l l  about 1.5% l ess  than 
t h e  product ion cost o f  so l  vents by convent ional  processes from propylene 
However, r e l a t i v e l y  un i form feedstock avai  l a b i  1 i t y  a t  reasonable cost  appears 
t o  be a ser ious p o t e n t i a l  problem t h a t  nust  be solved before many large-sca le  
b iocata lyzed processes can be implemented. 
C . POTENTIAL B IOCATALY ZED PRODUCTION OF N-BUTANOL 
A t  t he  present t ime, t h e  average product ion r a t e  o f  each o f  t h e  f i f t e e n  
t o p  organic chemicals produced i n  t h e  U.S. i s  about 10 b i l l i o n  l b l y r ,  and t h e  
r a t e  f o r  n-butanol i s  approximately 700 m i  11 i o n  1 b/yr .  Therefore, n-butanol 
would have t o  be used as  an in te rmea ia te  o r  feedstock f o r  a d d i t i o n a l  chemicals 
t o  rank among t he  very h i  gh-vol ume commodity chemicals. 
Figure 3-3. Concentration-Prcduction Cost Decrease f o r  ABE 
Biocata l  yzed Processes 
An economic model has been developed by D.F. Rudd, e t  a1, (Ref. 23) which 
has been used t o  est imate increases i n  product ion and u t i l i z a t i o n  o f  proposed 
fermentat ion products i f  t h e i r  p r i ces  a re  decreased r e l a t i v e  t o  p r i ces  f o r  
product ion by petrochemical processes (Ref. 24). The fermentat ion products 
ethanol, isopropanol, n-butanol and 2,3-butanediol were suggested as a poss i -  
b l e  bas is  f o r  a major f r a c t i o n  o f  t he  U.S. chemical i ndus t r y  t o  p rov ide  a 
smooth t r a n s i t i o n  toward t h e  advantageous u t i l i z a t i o n  of renewable feedstocks. 
However, t h e  model i nd i ca ted  t h a t  t o  make these bioprocessed products a t t r a c -  
t i v e  as feedstocks o r  in termediates i n  t h e  product ion of o ther  chemicals 
(e.g., t o  make styrene, where cu r ren t  product ion i s  about 7.5 b i l l i o n  I b / y r )  
would requ i re  a s i g n i f i c a n t  decrease i n  t he  p r i c e  r a t i o ,  f, f o r  2,3- 
butanediol ,  where f i s  t he  p r i c e  o f  t he  fermentation product d i v i ded  by t h e  
p ro jec ted  p r i c e  o f  t h e  same product produced from petroleum i n  1985. 
It was estimated t h a t  n-butanol would no t  be produced f o r  use as a feed- 
stock a t  f > 0.17, but  isopropanol would be used a t  f = 0.6. To increase 
u t i l i z a t i o n  t o  a la rge  scale, i t  was estimated t h a t  f values o f  0.2 t o  0.4 
would be requi red f o r  most fermentat ion products. However, t h i s  model i n -  
c ludes t he  assumption t h a t  cu r ren t  technology would be u t i  1 i zed f o r  feedstock 
processing. Therefore, if new conversion processes are developed, somewhat 
h igher  f values may r e s u l t  i n  h igher  u t i l i z a t i o n  o f  fermentat ion products as 
chemical feedstocks than i s  p red ic ted  by t he  model. 
It can be concluded t h a t  s i g n i f i c a n t  decreases i n  product ion costs by 
b iocata lyzed processes a re  requ i red  f o r  s i g n i f i c a n t  u t i l i z a t i o n  o f  t he  prod- 
uc ts  as feedstocks, and, therefore,  f u r t h e r  advances i n  b i  otechnology and 
downstream chemical processing a re  requ i red  t o  maximize t h e  advantages o f  fu -  
t u r e  u t i  1 i z a t i  on o f  renewable resources. 
Although i t  appears t e c h n i c a l l y  f eas i b l e  t o  increase energy e f f i c i e n c y  
(and decrease cos ts )  t o  t h e  ex ten t  t h a t  b iocata lyzed processes w i l l  be used 
w i t h i n  t h e  next few decades t o  produce ABE so lvents  i n  p lace o f  convent ional  
petrochemical processes, l a rge  improvements probably would be requi  red t o  a l -  
low u t i l i z a t i o n  o f  n-butanol as a chemical feedstock--but t he  requ i red  i m -  
provements would be less  f o r  use o f  fermentat ion isopropariol. Because t he  
l a t t e r  can be produced by bioprocesses t h a t  are s i m i l a r  t o  those f o r  n-butanol 
(and r e s u l t  i n  t h e  simultaneous product ion o f  n-butanol ) , most process ad- 
vances w i  11 apply t o  both n-butanol and i sopropanol . 
D. DISCUSSION OF PREDICTIVE CAPABILITY 
I n  t he  app l i ca t i on  o f  t h e  model discussed above, a computer program i s  
used t o  se lec t  t h e  technologies t h a t  s a t i s f y  economic demands f o r  s p e c i f i c  
products on t he  basis o f  about 300 cur ren t  petrochemical processes. The pro- 
gram a lso  includes cons iderat ion o f  annual product ion o f  each chemical needed 
f o r  a balanced chemical i ndus t ry ,  where each product w i l l  have a p lace as a 
feedstock o r  commodity. Pr ices a re  p ro jec ted  on t h e  bas is  o f  1977 product ion 
costs  us ing assumed increases i n  cost  elements f o r  f u t u r e  years. 
The model ca l cu l a t i ons  depend on expected, o rde r l y  economic cond i t i ons  
and e x i s t i n g  technology. As a consequence, changes i n  avai l a b i  l i t y  o f  speci-  
f i c  resources, envi ronmental cons t ra in ts ,  and technolog ica l  advances i n  chemi - 
c a l  o r  b iocata lyzed process technology w i  11 a f f e c t  t he  p red ic t ions .  
Fo r  example, i f  the re  was a s i g n i f i c a n t  decrease i n  t he  a v a i l a b i l i t y  o f  
propylene, n-butenes o r  butane from pe t  roleum, b iocata lyzed product ion o f  i so- 
propanol, 2,3-butanediol, and n-butanol as feedstocks should become more com- 
p e t i t i v e  t o  make such products as acetone, butadiene,and maleic anhydride. 
Considerat ion o f  these s p e c i f i c  products a1 so shows t h a t  petrochemical pro- 
cesses a re  not  necessari l y  energy -e f f i c ien t .  To ta l  pet  rochemi ca l  processing 
energies f o r  acetone, butadiene, and maleic anhydride a re  about 17, 33, and 11 
MBtu/l b, respec t i ve ly ,  i n c l u d i n g  process energy t o  produce t h e  requi  red feed- 
stocks. 
Although i t  i s  c l e a r  t h a t  t h e  model i s  an extremely use fu l  a n a l y t i c a l  
t o o l  t h a t  has been wide ly  accepted and u t i l i z e d  by the  petrochemical i ndus t r y  
f o r  process assessments, i t s  p r e d i c t i v e  c a p a b i l i t i e s  are l i m i t e d  by necessary 
assumptions t h a t  may not  be cons is ten t  w i t h  ac tua l  f u t u r e  events. Because 
t he re  a re  so many unce r t a i n t i es  involved, t h e  t o t a l  f u t u r e  product ion of b io -  
process products cannot be predicted, but  cou ld  be many b i l l  ions o f  pounds per 
year  depending on many fac to rs ,  i n c l u d i n g  f u t u r e  research advances and subse- 
quent app l i ca t ions  t o  biochemical engineer ing o f  b iocata lyzed processes. 
SECTION I V  
CONCLUSIONS 
Economic-energy assessments o f  t he  e f f e c t s  o f  research advances on t h e  
b iocata lyzed ABE process have been completed (Refs. 1 and 2 )  t o  a s s i s t  i n  pro-  
v i d i n g  a p o t e n t i a l  technology base rcqu i  red f o r  implementation o f  compet i t ive  
b iocata lyzed processes. These assessments have shown t h a t  subs tan t ia l  de- 
creases i n  energy consumption and costs  a re  poss ib le  on t h e  bas is  o f  s p e c i f i c  
research advances. Therefore, i t  appears t h a t  a b iocata lyzed process f o r  ABE 
can be developed t h a t  w i  11 be compet i t ive  w i t h  convent ional  pe t r oche~~ l i ca l  pro-  
cesses f o r  product ion of n-butanol and acetone. 
The research advances w i t h  t he  greatest  impacl a re  increased microorgan- 
ism to lerance t o  n-butanol and t h e  improved prehydro lys is-dual  enzyme system. 
However, none o f  t he  proposed research advances a re  necessarj l y  t o t a l  l y  e l  i m i  - 
nated wi thout  f u r t h e r  analyses because r e l a t i v e l y  s n ~ a l l  mod i f i ca t ions  i n  t h e  
assumed advance may have l a rge  e f f e c t s  on energy and costs. 
The r e s u l t s  suggest t h a t  feedstock un i fo rm i ty ,  cost ,  and a v a i l a b i l i t y  
w i  11 be major f ac to r s  i n  determining t he  v i a b i l i t y  o f  very large-sca le  b io -  
cata lyzed processes. 
Po ten t i a l  lower l i m i t s  f o r  energy and costs  f o r  a more advanced concep- 
t u a l  ABE bioprocess have been est imated i n  t h i s  repor t ,  and t h e  r e l a t i o n s h i p  
between energy and product concent ra t ion and between costs and product concen- 
t r a t i o n  have been defined. Th is  conceptual process i s  based on a microorgan- 
i sm concent ra t ion to le rance  of 1.8 w t  % and removal o f  products from the  vapor 
phase a t  a concent ra t ion of -20 w t  %, which corresponds t o  t he  vapor concen- 
t r a t i o n  f o r  fi rs t -s tage  evaporat ion o f  t he  n-butanol-water azeotrope a t  a 1 i q -  
u i d  concent ra t ion o f  1.8%. It has been est imated t h a t  energy can be decreased 
by more than 50%, w i t h  a product s e l l i n g  p r i c e  o f  ABE so lvents  of $0.17 t o  
$0.28/1b by separat ion o f  n-butanol f rom t h e  vapor phase and increased t o l e r -  
ance o f  t he  microorganism t o  n-butanol; t h e  p r i c e  o f  ABE so lvents  by t he  con- 
vent iona l  pet  rochemica 1 process i s $O.33/l b. 
Although var ious acceptable aporoaches and assumptions have been used i n  
energy compari sons, f o r  f u t u r e  assessments o f  energy bene f i t s  o f  new prcce:;s 
advancements, i t  i s  suggested t h z t  t o t a l  process energy (w i t h  t he  advance) 
should be compared w i t h  t o t a l  process energy f o r  base-case o r  operat iona l  pe t -  
r o c h e ~ i c a l  processes. For  each process, u t i  1 i t i e s  energy requi  red t o  produc? 
t h e  feedstocks would be inc lu&d i n  t h e  t o t a l .  
P re l im inary  e v a l u a t i m s  u t i l i z i n g  a model f o r  es t imat ing  t h e  expected an- 
nual  product ion o f  products on t h e  bas is  o f  costs  suggests t h a t  n-butanol may 
not  be produced by b iacata lyzed procer -es a t  costs  t h a t  i n d i c a t e  i t  would be 
used as a feedstock f o r  o the r  chemicals. The t o t a l  annual f u t u re  product ion 
o f  commodity chemicals and in termediates by b iocata lyzed processes w i  11 depend 
on research advances requi red t o  increase energy e f f i c i e n c y  and decrease costs 
i n  comparison w i t h  pet  rochemical processes. However, i t  does not  appear feas- 
i b l e  t o  p r o j e c t  annual product ion r a tes  on t h e  bas is  o f  e x i s t i n g  in format ion.  
1 nformat ion requi red inc ludes est imates o f  f u t u r e  petroleum costs and ava i  1 - 
ab i  1  i t y ,  p ro j ec t i ons  o f  new developments i n  feedstock product ion and conver- 
sion, and f u t u r e  market and cost  fac to rs .  
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